We use an improved target recoil momentum spectroscopy setup to determine differential cross sections for excited metastable state production in atoms and molecules by electron impact and show its capabilities for an atomic helium target. A crossed beam setup with a supersonic helium jet and a pulsed electron beam at energies close to the excitation threshold of 19.82 eV was used. Measuring the recoil momentum vector of the target instead of the momentum of the scattered electron removes common restrictions to the accessible scattering angles while the microchannel plate detector ensures a high counting efficiency. Using a photoemission electron source we reach an energy resolution of about 200 meV at 1 μA peak current. Results are compared with simulations using theoretical convergent-close-coupling (CCC), R-matrix with pseudo-states (RMPS) and B-spline R-matrix (BSR) calculations and show good agreement.
Background
In traditional electron impact experiments, the scattered electron is measured using a movable detector. The scattering angles are scanned by changing the position of the detector [1] . This technique allows measurement within a limited angular range, as the electron detector would not be able to measure the scattered electrons in the backward and forward directions due to the interference of the spectrometer with the incoming or outgoing projectile beam. Detecting the recoil momentum of the excited target instead of the scattered electron has the advantage that the projectile beam has no influence on the measurement. This principle has been shown by Murray and Hammond [2, 3] for electron impact excitation at intermediate projectile energies. Our improved setup allows for state selective measurements close to the threshold energy by using a time-and positionsensitive microchannel plate detector, where events from all electron scattering angles can be registered simultaneously and by using a photo-emission electron source.
Electron impact excitation is the simplest inelastic scattering process to study experimentally, as it has only two free particles before and after the collision. To satisfy momentum conservation, the projectile can only transfer its momentum to the target. http://www.epjtechniquesandinstrumentation.com/content/1/1 /6 Because of the large mass of the target compared to the mass of the projectile electron, the corresponding transfer of kinetic energy to the target is negligible. The electron with the initial energy E e 0 loses the energy E exc needed to excite a certain state in the target and remains with the energy E e 1 after the collision: E e 1 = E e 0 − E exc .
(
The momentum q, which is transferred to the target in the process, is
where p e 0 and p e 1 are the momenta of the projectile electron before and after the collision, respectively. The absolute values of these momenta depend only on the corresponding electron energies: 
where m e is the electron mass. All relevant momenta are depicted in Figure 1 , with the incoming electron beam moving along the positive y-direction and the target gas jet moving along the positive z-direction. Scattered excited atoms in metastable states are detected by the microchannel plate (MCP) detector indicated as the light gray disc. Before the collision, the target has the initial momentum p t 0 in the gas jet. As a result of the momentum transfer in the collision, its final momentum is 
For a given projectile momentum p e 0 and a particular excited state energy E exc , the absolute value of the final electron momentum |p e 1 | is fixed. The target momenta therefore lie on a sphere with origin p t 0 + p e 0 and radius |p e 1 | for all possible scattering angles. In Figure 1 , momentum transfer is shown only in the x-y plane for simplicity: therefore, all events that correspond to the excitation of the same state have target momenta on the dotted dark gray circle while the momentum of the outgoing electron lies on the full circle. The radius of this circle is proportional to the amount of electron momentum after the collision, putting energetically lower lying states -which correspond to a higher excess energy -on larger radii. Momentum in x-and y-direction can be calculated from the impact position of the excited target on the detector and its time-of-flight t f :
For these directions perpendicular to the gas jet, a high momentum resolution of 0.068 a.u. a can be reached. Momentum transfer in z-direction can be calculated by
where d is the distance between the interaction region and the detector plane. Unfortunately, our measurements showed that the initial longitudinal momentum spread in the supersonic jet due to its finite temperature is about 0.75 a.u. and therefore of the same order of magnitude as the transferred momentum, making the momentum transfer in z-direction inaccessible for all practical purposes. The rotational symmetry of the electron scattering cross section around the y-axis, however, allows for reconstruction of the complete differential cross section, as will be described in Section 'Data analysis'. Helium has long been a benchmark target for the investigation of electron-atom collisions due to its simple structure. Many experiments have been conducted to measure electron impact excitation cross sections [2, [4] [5] [6] [7] [8] [9] [10] and theories were developed to explain the experiments [11] [12] [13] . Total cross sections are known very precisely from experiment [8] and agree very well with theoretical calculations [12] , but measurement of differential scattering cross sections has for a long time been restricted to an intermediate range of projectile scattering angles, usually ranging from 10°to 130° [7, 10] .
One way of accessing electron scattering angles around 180°is the use of a magnetic angle changer [14] , in which a strong localized magnetic field in the interaction region changes the ejection direction of the electrons, depending on their energy. The few experiments that have been conducted to measure inelastic electron scattering on helium using this technique [15] [16] [17] show discrepancies between experiment and theory especially at high scattering angles. Detection of the scattered helium atoms, as performed with the instrument described here, is therefore a sensible addition to the existing methods.
In earlier experiments, the momentum transfer to the scattered helium was used to determine electron scattering angles by Zajonc et al. [9] . They only measured the timeof-flight of metastable helium atoms, which varied due to the momentum transfer in the flight direction of the helium. This method gave access to all scattering angles, but was unable to distinguish between different excited states and was therefore only applicable in the energy range from 19.8 eV to 20.6 eV, where just the 2 3 S state can be excited. Murray and Hammond [18] used a rotatable detector setup to measure the deflection angle of helium atoms after electron impact excitation. In their arrangement the incoming electron beam crosses a gas jet perpendicularly and electron scattering within the plane determined by both beams is studied. Thus, scattered electron momentum determination relies on the measurement of the atomic recoil momentum along the incoming electron beam and along the gas jet. Since the resolution along the latter direction, due to the thermal velocity spread, is limited to about 0.76 a.u., a larger projectile excess energy was chosen such that different electron scattering angles result in more strongly varying recoil momenta. Also, excitation to the different accessible states was not resolved but summed differential cross sections were obtained. http://www.epjtechniquesandinstrumentation.com/content/1/1/6
Using a microchannel-plate detector with time of flight resolution and x-y-position resolution for detection of the recoiling metastable excited atoms, we obtain 4π-acceptance for electron scattering. In the plane perpendicular to the gas jet we obtain strongly improved momentum resolution, discriminating excitation of different states at low energies above the excitation threshold.
Our new setup is not limited to a helium target, but rather it can be used with all light targets, for which the deflection from their original direction after the collision is large enough to be resolved.
Results and discussion
The recorded momenta associated with the excitation of metastable states provide diverse information. On the one hand, the excited atom yield and, thus, the total metastable state excitation cross section as a function of impact energy are obtained. On the other hand, excited state resolved cross sections can be extracted as, e.g., excitation functions and cross sections differential in the projectile scattering angle.
In Figure 2 , the total yield of excited helium atoms is depicted as a function of projectile energy. The metastable state production starts at the excitation threshold of the lowest 2 3 S state and shows a characteristic shape due to negative ion resonances and additional excited states whose energies are marked in the diagram. The features of this curve are well known and described, e.g., by Brunt et al. [8] . In the energy range shown, only the 2 1 P state at 21.2 eV decays to the ground state before detection and is therefore ignored. The red solid line in the diagram represents the theoretical cross section obtained from an RMPS calculation after convolution with a Gaussian describing the energy spread of the projectile beam. Expected helium yield curves at higher and lower energy resolution are shown for comparison as well. Energy spread and an energy offset were obtained by fitting the convolved theoretical curve to the experimental data. The FWHM of the energy spread varied according to the operating conditions of the electron gun between 150 meV and 250 meV, and is 200 meV in Figure 2 . The energy offset arises due to contact potentials in the cathode and in the interaction region. Figure 3(a) shows the experimental cross section as a function of scattered electron momentum p e 1 for an impact energy of E 0 = 22.0 eV. It shows the projection of all momenta onto the detector plane. In Figure 3 (b), the out-of-plane scattering contribution was restricted by including only events close to the velocity distribution maximum as described in Section 'Data analysis' . The various features that correspond to different excited states can be separated better than in the projection of all events. Theoretical cross sections displayed in Figure 3 (c) and 3(d) are CCC and RMPS calculations, respectively. In these plots, scattered electron momenta for the excitation of a particular atomic state lie on a circle with a certain radius matching the corresponding excess energy. Circles for the three accessible states 2 3 S (solid line), 2 1 S (dashed line) and 2 3 P (dotted line) are shown in the plots. Scattering leading to excitation of the 2 3 S state can be separated from the higher lying 2 1 S and 2 3 P states. These, on the other hand, are fairly closely spaced with energies of 20.616 eV (|p e 1 | = 0.319 a.u.) and 20.964 eV (|p e 1 | = 0.276 a.u.) and cannot be resolved due to the combined uncertainties of impact energy and target size. The cross section for the excitation of the 2 3 S state exhibits maxima at roughly ± 90°scattering angle and for backward scattering. The excitation cross sections for 2 1 S and 2 3 P states show a strong and relatively sharp maximum in the forward direction, while the maximum in the backward direction extends over a larger angular range. Experimental results are in excellent agreement with the theories. In Figure 4 , the differential cross sections for the excitation of 2 1 S and 2 3 P states are shown. The data were obtained by integrating the yield of metastable excited helium atoms over the energy range (1.2 ± 0.05) eV of the scattered electrons for both the experimental data and the theoretical CCC, RMPS and BSR data. The total cross section was not determined. Therefore, theoretical and experimental data sets were normalized to yield the same integrated cross section. Figure 5 depicts the data for (2.2 ± 0.05) eV excess energy, obtained in the same way and corresponding to the excitation of 2 3 S state.
There is no significant difference between CCC, RMPS and BSR calculations in the differential cross section for 2 3 S state excitation, and the experiments are in good agreement with all theories. For the 2 1 S and 2 3 P state excitation, however, the CCC calculations show lower yield in the broad backward scattering peak and a more pronounced peak at about 110°, showing a reminiscent feature of the 2 3 S state excitation (cf. Figure 4) . However, all theories are in good agreement with the experimental results within our measurement uncertainty.
Finally, Figure 6 displays results from the data analysis using the inverse Abel transformation. In Figure 3 (a), the experimental data are shown for the projection of all recorded momenta onto the detector plane (x-y plane). Applying the inverse Abel transformation to this data, the pure x-y plane cross section σ (p x , p y ; p z = 0) displayed in Figure 6 (a) is obtained. A simulation of the experiment using the RMPS calculation is shown in Figure 6 (b). It is evident from the comparison with Figure 3 that the inverse Abel transformation provides a better resolution of the different states.
Conclusions
Our setup allows for the measurement of electron impact excitation to metastable states in light targets, resolving all scattering angles as well as different excited states. We demonstrated the setup's ability by using a helium target. Differential cross sections for the excitation of the 2 1 S and 2 3 P state in helium close to the excitation threshold energy are shown for the first time at all scattering angles, including the scattering angles in the vicinity of 0°and 180°. This instrument provides an additional tool to check theoretical predictions of electron impact excitation cross sections.
Methods

Setup
The experimental setup (cf. Figure 7) consists of an electron beam from a pulsed photoemission electron source, crossed with a continuous supersonic gas jet, a potentially variable interaction region and a time and position-sensitive MCP detector.
We have created a supersonic jet of the target gas by expansion through a 30 μm nozzle at a backing pressure of 5 bar. The jet is collimated by two skimmers 250 μm and 400 μm in diameter. Each skimmer is set in a differentially pumped stage, maintaining pressures of 2 × 10 −3 mbar in the first jet stage, 5 × 10 −6 mbar in the second jet stage, and 5 × 10 −8 mbar in the main chamber during operation. The longitudinal jet temperature is 3 K. With this setup a beam diameter of about 2 mm and a target number density of 1.5 × 10 11 cm −3 can be obtained in the region of interaction with the electron beam. To increase resolution, the beam is additionally collimated by inserting a 500 μm aperture a few millimeters above the interaction point, which is held at the same potential as the surrounding region at all times. The beam is dumped directly into the chamber without an additional dump stage.
The electron beam is produced in a photoemission electron gun [19] . A GaAs cathode is coated with a monolayer of cesium and oxygen to obtain negative electron affinity (NEA) conditions. In a NEA semiconductor, the conduction band minimum is above vacuum energy. Illuminating the surface with a laser excites electrons to the conduction band and can induce electron emission by tunneling through the thin surface barrier. The electron gun has been described in detail in the work by Schröter et al. [20] . To keep the surface stable, ultra-high vacuum is needed. The electron gun is therefore placed in a separately pumped chamber, which can be sealed off completely from the measurement vacuum chamber by a gate valve. This so-called gun chamber was heated to 220°C for one week to reach a base pressure below 1 × 10 −11 mbar at room temperature afterwards. During the measurements, the two chambers are connected by an aperture 1 mm in diameter, which allows a pressure of 1 × 10 −10 mbar to be maintained in the electron gun chamber.
The pulsed electron beam is produced by a laser pulse, illuminating the cathode. Previous studies have shown that multi-mode lasers can induce a high energy spread in the electron beam, as do high current densities [21] . Kolac et al. [22] explain this large energy spread from multi-mode lasers with high temporal intensity fluctuations which lead to an inhomogeneous space charge distribution in the emission current. http://www.epjtechniquesandinstrumentation.com/content/1/1/6
In our setup, the cathode is illuminated by a single-longitudinal-mode laser with a constant temporal intensity profile. The laser has a wavelength of 671 nm corresponding to a photon energy of 1.84 eV, which is high enough to populate the conduction band in the used crystal that has a band gap of 1.42 eV [23] . When operated in continuous-wave mode at a laser intensity of 25 mW, currents of several μA are reached. The pulsed electron beam is produced by guiding the incident laser through an acousto-optic modulator and coupling the light of the first diffraction maximum into an optic fiber, where it is guided to the focussing optics outside the vacuum chamber. Using the acousto-optic modulator allows switching the laser within 50 ns and obtaining extinction ratios better than 10 −3 . The laser is focused to a diameter of 1 mm at the cathode, which restrains the electron source to an area of 1.4 mm × 1.0 mm, due to the laser incidence angle of 45°. Additional attenuation filters and an aperture are used to regulate the laser beam intensity such as to compensate for a decreasing quantum efficiency of the cathode over time.
The electrons are focused by four electrostatic lenses and two pairs of deflection plates onto the 1 mm aperture, which separates the electron gun chamber from the detection chamber. Additional steering to the interaction point is supplied by a pair of Helmholtz coils, creating a magnetic field of 1.2 mT pointing from the center of the aperture to the center of the interaction region, thereby confining the electron beam motion perpendicular to the direction of the magnetic field. Fine control of the beam position in x-and z-direction is possible with two additional pairs of coils that create a low magnetic field up to 0.1 mT perpendicular to the direction of the electrons.
The excitation process takes place in an electric-field-free region that is provided by a number of electrically connected metal rings. The distance between two adjacent metal rings is 10 mm and the symmetry axis of the rings is coincident with the electron beam direction. The rings are set to a variable voltage to change the electron impact energy. The electric-field-free region between the two central rings is accessible to the electron beam and the target jet. Rings blocking the flight path of the scattered target atoms are cut on the lower end to clear the path to the detector. The electron gun, interaction region boundary rings and the magnetic field are aligned precisely to keep the projectile beam on the axis of the apparatus when the interaction potential is changed. Any change in overlap of the electron beam and the jet leads to changing count rates. In the aligned setup, this effect was negligible for scanning amplitudes up to 2 V. The scanning voltage is read by an analog-to-digital converter (Hytec ADC 521).
After the inelastic electron-atom scattering, the excited atoms impinge on an MCP detector 80 mm in diameter with a position-sensitive delay line anode, located about 110 mm below the interaction region. Here they are efficiently detected since their internal energy gives rise to electron release at the detector surface. It is therefore necessary to shield the MCP from other electrons. An additional grid in front of the detector, set to -200 V, and the presence of the magnetic field eliminate background due to charged particles. The MCP is mounted at 32 mm offset of the target jet in positive y-direction to account for momentum transfer to the atoms and to detect excited atoms for all projectile scattering angles at excess energies up to 30 eV. Time-of-flight information and delay line signals are read by a time-to-digital converter (LeCroy 3377 TDC) operated in common stop mode and gated to accept only events in the expected time-of-flight range from 55 μs to 87 μs. Data from the TDC and ADC are read into a personal computer by a CAMAC system and are analyzed in offline mode. To correct for varying detection efficiency at http://www.epjtechniquesandinstrumentation.com/content/1/1/6 different positions of the delay line anodes, the detector was homogeneously illuminated using an 241 Am α-source. The efficiency map obtained this way was used to weigh counts in the electron-scattering measurements.
Experiments on helium
Measurements were conducted at an 11 kHz gun pulse repetition rate and with electron pulse lengths ranging from 50 ns to 100 ns, which are needed to precisely measure the time-of-flight of the excited atoms. Time-of-flight and the position on the MCP detector are then used to calculate the projection of the momentum transfer q on the detector plane. The pulse length is also considerably shorter than the width of the time-of-flight distribution of the excited helium atoms that originate from the thermal velocity spread in the jet and the momentum transfer along the jet direction. The initial velocity distribution of the jet is therefore assumed to be equal to the measured velocity distribution at the excitation threshold. As can be seen from Eq. (4), the complete momentum of the electron is transferred to the helium, if E e 0 = E exc . In this case, no momentum spread arises due to different scattering angles. The velocity distribution for this case is shown in Figure 8 . The mean jet velocity is 1624 ms −1 and the distribution has a full width at half maximum of 220 ms −1 , corresponding to a longitudinal jet temperature of 3.0 K [24, 25] . In the simulation discussed in the next section, these jet characteristics are used as one source of the momentum spread.
The cathode potential of the electron gun is fixed to -22.9 V. Different impact energies are created by changing the potential of the interaction region while keeping all electron gun settings. For impact energy scans, a triangular scan with a 1 Hz repetition rate is carried out on the voltage applied to the interaction region boundary, usually providing the energy scan range from 19 eV to 23 eV. Energy scans are used to measure the electronimpact-energy dependence of the total cross section for metastable state excitation that is used to calibrate the impact energy scale based on RMPS calculations. From the measured energy dependence of the cross section the width of the electron energy distribution is Figure 8 Velocity distribution in the target jet. The velocity distribution is determined from the time-of-flight distribution of helium excited by electrons with threshold energy, and the logistic fit to the experimental data is used in simulations of the experiment. The mean velocity is 1624 ms −1 and the full width at half maximum (FWHM) of the distribution is 220 ms −1 . http://www.epjtechniquesandinstrumentation.com/content/1/1/6 determined by comparison with theoretical cross-sectional data [12] that are convoluted with Gaussian distributions of different standard deviation.
Differential cross sections were measured with constant impact energy and count rates of around 300 counts per second were achieved. The counts were accumulated over an acquisition period of 10 to 24 hours. The discussed exemplary cross sections were obtained for an impact energy E e 0 of 22.0 eV. At this energy, theoretical calculations predict only minor changes in differential scattering cross sections within several 100 meV, making the measurement less sensitive to the finite energy spread of the electron beam.
Flight times in this setup are about 70 μs, making the measurement insensitive to fast decaying states like the 2 1 P state in helium, which has a radiative lifetime of 0.6 ns [26] and decays to the undetected ground state. The three lowest excited states 2 3 S, 2 1 S and 2 3 P are metastable because radiative dipole transitions are forbidden. They have sufficiently long lifetimes of about 8000 s (2 3 S) and 20 ms (2 1 S) and are detected before a significant amount of the excited metastable atoms decays [27, 28] . The 2 3 P state radiatively decays with a lifetime of about 100 ns [8, 26] to the 2 3 S state, which is then detected.
The 2 1 P state produces photons of 21.2 eV when it decays. These photons can be detected by the MCP, but are not recognized, because they arrive before the start of the TDC gate and are therefore ignored.
Data analysis
In the experiment, the momentum transfer in the detector plane is measured very accurately. Error propagation analysis for Eq. (6) with typical values results in an uncertainty of q x,y = 0.068 a.u. that originates mainly from the transversal size of the gas jet. Analogously, the uncertainty of the momentum in the jet direction given by Eq. (7) is an order of magnitude higher: q z = 0.8 a.u., which is almost exclusively due to the initial velocity distribution in the gas jet. Because the highest transferred momentum is 0.4 a.u. at 2.2 eV excess energy, no useful information about the momentum transfer in z-direction is available.
Therefore, in the analysis, projections of the momenta on the x-y plane are used. Two methods of data analysis are applied. First, restricting analysis to events near the peak of the time-of-flight distribution is used to suppress large q z -values. Second, the fact that the scattering has rotational symmetry around the y-axis allows the use of an inverse Abel transform [29, 30] to reconstruct the full 3D-scattering cross section from the x-y projection, based on the axial symmetry of the scattering. Both sets of results are compared to the predictions from simulations.
The first approach offered the advantage that only little post-processing was necessary. Scattering out of the detector plane was partly suppressed by using only events with velocities in a 50 ms −1 window around the maximum of the velocity distribution (cf. Figure 8) . In this case, only out-of-plane scattering events with a vertical momentum transfer up to |q z | = 0.17 a.u. contribute to the momentum transfer maps. On the other hand, atoms from the wings of the velocity distribution can contribute if they experience a vertical momentum transfer such that their resulting time-of-flight is within the acceptance interval. This contribution is smaller due to the lower number of atoms in the wings of the velocity distribution. Owing to this condition, the obtained momentum transfer maps show pronounced in-plane scattering features. http://www.epjtechniquesandinstrumentation.com/content/1/1 /6 The second way to analyze the data was to reconstruct the momentum transfer in the detector plane by exploiting the rotational symmetry around the electron impact direction. Using all events we obtained the projection of all momenta on the detector plane. The projection of a cylindrically symmetrical object on a plane that contains the symmetry axis is an Abel transformation [31] . In the experiment, the symmetry axis was along the electron impact direction in y-direction and the projection plane was the detection plane, i.e. the x-y plane. The original distribution was reconstructed using the inverse Abel transform [30] . Here, the results are independent of the velocity distribution in the jet and show better momentum resolution in x-and y-direction. These results are compared to a simulation where scattering was confined to the detector plane, thus eliminating the jet velocity distribution from the calculations.
To allow for a comparison of the experimental results with theoretical cross sections, the expected momentum transfer maps were simulated by a Monte Carlo-type program. This program takes into account the differential cross sections provided by R-matrix with pseudo-states (RMPS), B-spline R-matrix (BSR), and convergent-close-coupling (CCC) calculations [13] , as well as the following experimental factors: target initial velocity, collision position, and collision energy for every event. Finally, the momentum of the excited target atom is mapped as a projection on the x-y plane. The time-of-flight is calculated from the initial velocity of the atom and the momentum change during the collision. Events produced in this program are filtered by their time-of-flight using the same velocity condition as was used in the experiment. Thus, out-of-plane scattering is taken into account in the same way as in the experiments and the measured momentum distributions are reproduced. The finite size of the jet has been modeled as an additional momentum spread which is specific to the setup geometry. All random variables are assumed to have Gaussian or logistic distributions and parameters of the distributions are taken from measured properties where possible.
The method of using only events with a certain velocity strongly improves the visibility of details in the momentum distributions. At the same time, the result depends on experimental parameters like electron beam resolution and all jet properties. A comparison with theoretical cross sections is difficult, as all parameters enter in the simulation as well.
The momentum distributions that were reconstructed using the inverse Abel transformation were compared to a similar simulation. Scattering angles were restricted to the x-y plane and no velocity condition was applied to reconstruct the expected momentum transfer maps for this case. Author details
